Introduction
The risk of atherosclerotic cardiovascular disease (ASCVD) and cardiovascular mortality is over 10 times higher in dialysis patients than in the general population [1] , but the increased prevalence of traditional ASCVD risk factors in dialysis patients only explains part of this increased risk [2] . Therefore, many research studies in dialysis patients have focused on nontraditional risk factors for ASCVD [1] , including reduced heart rate variability (HRV).
Small oscillations in the RR interval duration (time between two R waves on an ECG) occur normally, resulting in beat-to-beat variability in the heart rate. Autonomic nervous system activity directly affects these oscillations [3] . Various standard HRV measures, which measure different components of the autonomic nervous system, decrease in the setting of increased sympathetic tone, reduced parasympathetic tone, or autonomic dysfunction [3] . In the general population, large studies have reported associations between decreased HRV and an increased risk of coronary heart disease (CHD), independent of traditional risk factors [4] [5] [6] .
HRV is decreased in end-stage renal disease patients compared to healthy controls [7, 8] , and HRV in dialysis patients increases significantly after renal transplantation [9] . These findings suggest that the decreased HRV in end-stage renal disease may be an important nontraditional risk factor and event predictor for ASCVD. Supporting this conclusion, several small prospective studies of dialysis patients have shown that low HRV predicts allcause mortality [10] , sudden death [10] , or cardiac-related death [11, 12] . These studies, however, were limited by the lack of information regarding the confounding effects of left ventricular hypertrophy (LVH) in the relationship between HRV and ASCVD [13] . It remains unknown whether the reduced HRV is simply a marker for LVH or an ASCVD risk factor independent of left ventricular (LV) indices.
This study extends the current knowledge regarding HRV and ASCVD by including measurements of LV structure and function, allowing assessment of the association between HRV and ASCVD independent of potential confounding effects of LV mass. The a priori hypothesis is that low HRV will be associated with prevalent ASCVD, even after adjusting for the confounding effects of LV mass index (LVMI) and LV ejection fraction (LVEF).
Subjects and Methods

Study Participants
From June, 2005, to May, 2007, 115 chronic hemodialysis patients in the outpatient Dialysis Unit at Mubarak Al-Kabeer Hospital in Al-Jabriya, Kuwait, were approached for this cross-sectional study, of whom 108 were enrolled (94% participation rate). The only exclusion criteria were pacemaker placement, atrial fibrillation, and inability to give informed consent. The study protocol adhered to the Declaration of Helsinki and was approved by the Ethics Committees of the Faculty of Medicine and the Kuwait Institute for Medical Specialization. All participants provided written, informed consent prior to data collection.
Data Collection
Sociodemographic characteristics and health behaviors were obtained by staff-administered questionnaires. Blood pressure was taken using a standard mercury manometer immediately prior to the enrollment dialysis session. Clinical data were obtained from physician review of medical records. Mention of a condition (past or present) in the medical record was sufficient for positive coding. Prevalent ASCVD was defined as a history of CHD (myocardial infarction, coronary bypass/angioplasty, or angina), cerebrovascular disease (stroke, carotid endarterectomy, or recurrent transient ischemic attack), or peripheral vascular disease (peripheral artery angioplasty or bypass, inoperable peripheral vascular disease, or aortic aneurysm). Congestive heart failure was defined as a history of pulmonary edema or a diagnosis of congestive heart failure in the medical record. Diabetes included both type I and type II diabetes.
Holter monitoring was performed using the Delmar Reynolds LifeCard CF Digital Holter Monitor (three ECG leads). The Holter monitor was placed 30 min after the enrollment dialysis session, and removed 48 h later, after the next session. Echocardiography using two-dimensional M-Mode (General Electric Vivid 7 using an M3S probe) was used to determine LV internal diameters in diastole (LVIDd) and systole, septal/posterior wall thicknesses, LV dysfunction, wall motion abnormalities, and LVEF. Septal wall thickness of 11 mm and posterior wall thickness of 9 mm were used to define the upper limit of normal wall thickness. LV mass was calculated using the Penn Convention [14] where: LV mass (g) = 1.04 [(LVIDd + sw + pw) 3 -(LVIDd) 3 ] -13.6 g. LVMI (g/m 2 ) was calculated as the LV mass standardized to body surface area. Criteria for LVH included LVMI 1 135 g/m 2 for men, and LVMI 1 111 g/m 2 for women. A low LVEF was defined as an ejection fraction below 40%.
Analysis of HRV
Holter tracings were scanned using the Delmar Reynolds Impressario software (version 2.6.17). We chose the time domain measures to assess HRV, according to the recommendation of the Task Force of the European Society of Cardiology for long tracings ( 6 24 h) [3] . Ectopic beats such as premature ventricular contractions or ventricular tachycardia were excluded from analysis. Time domain measures which correspond to total HRV (reflecting a combination of lower sympathetic and higher parasympathetic/vagal tone) included: the standard deviation (SD) of all normal RR intervals (SDNN), the SD of the mean normal RR intervals in all 5-min segments of the tracing (SDANN), and HRV triangular index (HRV-TI; the total number of all RR intervals divided by the height of the histogram of RR intervals measured on a discrete scale with bins of 1/128 s). Time domain measures which primarily reflect parasympathetic/vagal tone included: the square root of the mean of the sums of squares of the differences of all adjacent RR intervals (rMSSD) and the percentage of successive normal RR interval pairs differing by more than 50 ms (pNN50). The process of analyzing HRV tracings was blinded to all other study data. 87 decided a priori to analyze each HRV index as (a) a continuous variable, (b) a dichotomous variable divided at the median value, and (c) a categorical variable divided into quartiles. Associations between the highly skewed continuous HRV indices and other variables were assessed using multiple median regression (the qreg command in Stata [15] ), with each HRV measure as the dependent variable (there is no assumption of normality for median regression). The coefficients generated by these models represent the absolute difference in median values of the dependent variable in the comparison groups. For analyses of ASCVD, logistic regression (with prevalent ASCVD as the binary dependent variable) was used to obtain adjusted odds ratios. The lowest quartile (Q 1 ) of each HRV measure was compared to the second to fourth quartiles. Owing to the relatively small number of ASCVD events, a maximum of three independent variables were entered simultaneously into regression models. LVEF and LVMI were entered into the models as quartile variables, to avoid assumptions of linearity. A priori analyses stratified by diabetes were performed and statistical interaction determined by entering a diabetes interaction term into the model.
Statistical Analysis
Results
Median duration since the start of dialysis among the 108 patients was 1.9 years (range, 0.0-20.1 years), with 97% of participants having a duration less than 10 years. All participants had a 48-hour Holter monitor trace, echocardiographic measurements, and a medical record review. The median percentage of qualified beats for all ECG tracings was 94.5%. The median time between Holter placement and echocardiogram was 14 days. Medical record review revealed no major cardiovascular events between the Holter and echocardiogram procedures. The prevalence levels of ASCVD, LVH and low LVEF were 56, 59, and 10%, respectively. The prevalence of CHD, cerebrovascular disease, and peripheral vascular disease were 51, 16, and 17%, respectively.
Nonparametric (Spearman) correlations between the five time-domain measures of HRV are shown in figure 1 . As expected, very strong significant Spearman correlations ranging from 0.79 to 0.84 were seen among SDNN, SDANN, and HRV-TI (which reflect both higher vagal and lower sympathetic activity) and a correlation of 0.90 between rMSSD and pNN50 (which primarily reflect vagal activity).
Participants' clinical and echocardiographic characteristics and their associations with prevalent ASCVD are presented in table 1 . Upon enrollment, 90.7% had a history of hypertension, 61.1% were diabetic and 22.2% had a history of congestive heart failure. Prevalent ASCVD was significantly associated with older age, congestive heart failure, and diabetes. Median SDNN, SDANN, and HRV-TI were all significantly lower among patients with a history of ASCVD, compared to those without ASCVD. The associations of HRV indices with clinical and echocardiographic characteristics are presented in table 2 . Diabetes, hypertension, and ASCVD were significantly associated with lower median SDNN and SDANN, and marginally lower HRV-TI. Of the echocardiographic indices, only LVH, defined as elevated LVMI, was significantly associated with a lower median SDNN, SDANN, and HRV-TI. However, LV dysfunction was significantly associated with a lower SDANN, and a thickened posterior wall with a lower HRV-TI. Older age was associated with higher rMSSD (+12 ms; p = 0.003) and pNN50 (+4.0; p = 0.04). Neither rMSSD nor pNN50, however, were associated with any other characteristics.
Strong associations between ASCVD and the lowest quartile (Q 1 ) of SDNN, SDANN, and HRV-TI (compared to quartiles 2-4; Q 2-4 ) were found, with unadjusted odds ratios in the range of 2.9-5.0 ( table 3 ). Significant associations persisted after adjustment for LVEF, LVMI, and hypertension. Although moderate associations remained after adjustment for diabetes, they became statistically not significant. There were no significant associations between ASCVD and either rMSSD or pNN50. No interaction by diabetes was present. Adjustment for duration on dialysis demonstrated minimal confounding effects. Because of the nonspecificity of the diagnosis of angina pectoris in dialysis patients, we performed a separate analysis which excluded 'angina-only' from the definition of ASCVD. This analysis resulted only in minor differences in the odds ratio estimates.
The unadjusted and adjusted associations between prevalent ASCVD and SDNN, SDANN, and HRV-TI quartiles, respectively, are presented in figure 2 . The strongest associations between these HRV measures and ASCVD occurred in the lowest quartile, with some evidence of mild confounding by LVMI, and further confounding by hypertension.
Discussion
This study assessed the cross-sectional associations between time-domain HRV indices and prevalent ASCVD, with particular attention paid to the potential confounding effects of LV mass and LVEF. We found strong associations between ASCVD and SDNN, SDANN, and HRV-TI, which remained independent of LVMI and LVEF after adjustment for confounding. The LV mass, LVEF, and hypertension produced, at most, moderate confounding effects in the associations between ASCVD and HRV indices, whereas diabetes had stronger confounding effects. These data extend the understanding of HRV in the dialysis population by evaluating the role of LV size and function in those associations.
HRV and Cardiovascular Disease
The relationship between HRV and ASCVD is complex. Studies have shown that HRV is decreased in the acute phase of myocardial infarction, but appears to return to normal afterwards [16] . Immediately after myocardial infarction, a low HRV also is a strong predictor of mortality independent of its association with cardiac failure [17] [18] [19] [20] . Assessing low HRV as a risk factor for CHD in the general population, both the Framingham Heart Study [4] and the ARIC Study [5] reported low HRV indices as risk factors for CHD independent of traditional risk factors. The Framingham Heart Study found that a 1-SD decrease in SDNN (but not rMSSD or pNN50) was associated with new CHD events (RH = 1.45; 95% CI 1.13, 1.85). The ARIC Study also found that the increased risk of CHD associated with low HRV measures was seen primarily in the lowest quartile of the HRV measures, consistent with our findings that the association is strongest in the lowest quartile of HRV measures ( fig. 2 ). These studies, among others, have engendered interest in the potential role of HRV in the increased ASCVD risk associated with end-stage renal disease.
HRV and ASCVD in End-Stage Renal Disease
Since uremia is associated with a significantly decreased HRV [7] [8] [9] , attention has been given to the potential role that decreased HRV may have in the increased ASCVD risk in dialysis patients. Results from three small prospective cohort studies, which followed dialysis patients from 2 to 5 years demonstrated that SDNN, Statistical significance: ‡ p < 0.10; * p < 0.05; ** p < 0.01; *** p < 0.001; coefficients and p values generated by median regression models.
1 LV hypertrophy defined for men as LVMI >135 g/m 2 , and for women as LVMI >111 g/m 2 . No significant differences in rMSSD or pNN50 were seen for the clinical history variables or echocardiographic indices (data not shown). HRV-TI, SDANN, and/or ultra-low frequency HRV power (which correlates with SDANN) strongly predict cardiac-related mortality, reporting significant relative risks in the 1.9 to 12.6 range [10, 11, 21] . Conversely, these studies showed that rMSSD, pNN50, and/or high-frequency HRV power (which is correlated with rMSSD and pNN50) do not predict cardiac-related death. Consistent with these studies, we found that SDNN, SDANN, and HRV-TI, but not pNN50 or rMSSD, are associated with ASCVD.
It should be noted that only one [10] of the three prospective studies of HRV in dialysis patients adjusted for the potential confounding effects of LV ejection fraction, and none of them adjusted their analyses for LV mass. Because LVMI is associated with HRV [13] (the exposure variable of interest) and with ASCVD (the outcome variable of interest), it has potential to confound the association between HRV and ASCVD. For this reason, we adjusted the association between HRV and ASCVD for LVMI and LVEF. Our findings demonstrate that LV mass and ejection fraction in fact do produce small to moderate positive confounding effects in the cross-sectional association between low HRV and prevalent ASCVD. The association between HRV and ASCVD persisted after adjustment for these LV structure and function parameters.
Clinical Implications
As an independent risk factor and predictor of ASCVD, low HRV has the potential to be used to identify dialysis patients at higher levels of risk for ASCVD. These patients could be targeted for more intensive cardiovascular risk reduction, more frequent surveillance for ASCVD, earlier referral for cardiac catheterization, or other more intensive preventive efforts. Even if low HRV were simply a marker for ASCVD among patients with end-stage renal disease, it may be useful as a tool for risk stratification, particularly if the very high relative risks reported by small prospective studies are confirmed in larger studies.
On the other hand, if low HRV is causally associated with ASCVD and/or sudden death, then improvement of HRV itself would have potential to reduce cardiovascular risk. Indeed, studies have shown that beta-blockers, calcium channel blockers, angiotensin-converting enzyme inhibitors, and angiotensin receptor blockers can increase HRV indices in humans [22] . Also, a cohort study among dialysis patients surviving cardiac arrest found all these classes of medications to be associated with increased survival [23] . However, no randomized trials in dialysis patients have yet been performed. It is therefore currently unknown whether or not improving HRV itself would improve survival in dialysis patients, or whether the potential benefit of treatment with these medications would be mediated through lowering HRV or through other mechanisms. Future randomized trials should test the hypothesis that improvement of HRV among dialysis patients with low HRV indices will decrease risk of ASCVD and sudden death.
Potential Mechanisms
Our findings suggest that sympathetic overstimulation and parasympathetic withdrawal may together be important in the outcomes of ASCVD and death. Whether this effect is primarily one of decreasing cardiac electrochemical stability (thereby increasing the risk of ventricular fibrillation and sudden death), or accelerating atherosclerotic processes, or both, remains unknown. Hayano et al. [10] found a much higher relative risk of sudden death than a relative risk of cardiac death, providing indirect evidence that one mechanism through which low HRV is mediated is fatal arrhythmias. However, both the Framingham Study [4] and the ARIC Study [5] were performed among individuals without heart disease at baseline, suggesting that sympathetic overstimulation and/or parasympathetic withdrawal may be involved in the mechanisms of atherosclerosis itself, a hypothesis supported by our findings. Future studies should investigate potential mechanisms which may link decreased HRV and atherosclerosis.
Limitations
In any cross-sectional study, inferences regarding associations should be evaluated cautiously, owing to the possibility of reverse causality. However, the interpretation that low HRV is a risk factor for ASCVD is logically made in this study because it is consistent with the findings of previously published prospective studies. It is also recognized that the sample size of this study is not large, resulting in some wide confidence intervals. Large studies of HRV and ASCVD in the dialysis population will be needed in the future, particularly cohort studies and randomized controlled trials of medications that alter HRV indices. The study population was derived from the largest outpatient dialysis clinic in Kuwait, with fair generalizability to other dialysis patients in Kuwait.
Conclusion
This cross-sectional study of 108 hemodialysis patients found strong associations between low HRV measures and prevalent ASCVD, after adjusting for the small to moderate confounding effects of LV mass and LV ejection fraction. We conclude that low HRV indices in hemodialysis patients, particularly SDNN, SDANN, and HRV-TI, which reflect a combination of sympathetic overstimulation and parasympathetic withdrawal, are associated with prevalent atherosclerotic ASCVD, independent of LV size and function.
